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Background: Approximately 1 5%-23% of breast cancers overexpress human epidermal growth factor receptor 

2 (HER2), which leads to the activation of signaling pathways that stimulate cell proliferation and survival. HER2- 
targeted therapy has substantially improved outcomes in patients with HER2-positive breast cancer. However, both de 
novo and acquired resistance are observed. 

Design: A literature search was performed to identify proposed mechanisms of resistance to HER2-targeted therapy 
and identified novel targets in clinical development for treating HER2-resistant disease. 

Results: Proposed HER2-resistance mechanisms include impediments to HER2-inhibitor binding, signaling through 
alternative pathways, upregulation of signaling pathways downstream of HER2, and failure to elicit an appropriate 
immune response. Although continuing HER2 inhibition beyond progression may provide an additional clinical benefit, 
the availability of novel therapies targeting different mechanisms of action could improve outcomes. The developmental 
strategy with the most available data is targeting the phosphatidylinositol 3-kinase/protein kinase B/mammalian target 
of rapamycin (mTOR) pathway. The oral mTOR inhibitor everolimus has shown promising activity in combination with 
chemotherapy and trastuzumab in trastuzumab-refractory, advanced breast cancer. 

Conclusions: Non-HER2-targeted therapy is a promising means of overcoming resistance to HER2-targeted 
treatment. Ongoing clinical studies will provide additional information on the efficacy and safety of novel targeted 
therapies in HER2-resistant advanced breast cancer. 
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introduction 

Worldwide, breast cancer is the most common cancer in 
women and the second most common cancer overall, with 1.4 
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breast cancer, including age >50 years, a higher T stage, and a 
higher histologic grade [2, 7, 8]. HER2 overexpression is also 
associated with an increased risk of central nervous system 
(CNS) metastases [9-11]. For example, in a retrospective study 
of 2441 patients with breast cancer, HER2 overexpression was 
associated with a 3.4-fold increase in the risk of cerebral 
metastases [10]. As a marker of aggressive disease, HER2 
overexpression is an independent predictor of decreased 
recurrence-free survival, breast cancer-related survival, and 
overall survival (OS) [2, 7, 8, 12]. However, the development of 
HER2-targeted therapy has revolutionized the treatment of 
HER2-positive breast cancer such that HER2 overexpression 
can be considered a positive predictor of improved outcomes. 

In this article, we briefly review the known efficacy of HER2- 
targeted therapy and the mechanisms that may lead to 
resistance. We then evaluate the available literature, drawn 
from journals and recent congresses, to identify novel targets 
in current clinical development for treating HER2-resistant 
disease (i.e. those with ongoing trials according to 
ClinicalTrials.gov). The main focus of the novel agents section 
focuses on inhibitors of the PI3K/Akt/mTOR pathway as they 
are supported by the most preclinical and clinical evidence. 



million incident cases in 2008 [1]. Approximately 458 000 
breast cancer-related deaths were reported in 2008, making 
breast cancer the most common cause of cancer death in 
women and the fifth most common cause of cancer death 
overall [1]. 

Approximately 15%-23% of breast cancers exhibit 
overexpression of human epidermal growth factor receptor 2 
(HER2) caused by amplification of the erb-B2 oncogene [2-5]. 
Overexpression of HER2, a receptor tyrosine kinase, activates 
signaling pathways that stimulate cell proliferation and 
survival, including the phosphatidylinositol 3-kinase (PI3K)/ 
protein kinase B (Akt)/mammalian target of rapamycin 
(mTOR) and mitogen-activated protein kinase pathways [6]. 
Several factors are correlated with HER2 overexpression in 
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efficacy of HER2-targeted therapy 

Recommended first-line treatment for HER2-positive breast 
cancer includes trastuzumab [13-15], a recombinant 
humanized monoclonal antibody targeted to the extracellular 
domain of the HER2 receptor tyrosine kinase [16]. In early- 
stage breast cancer, adding trastuzumab to neoadjuvant 
chemotherapy substantially improves OS and reduces the risk 
of recurrence, both by 33% [17]. Similarly, adjuvant 
trastuzumab substantially improves disease-free survival by 
38% and OS by 34% and substantially reduces the risk of local 
and distant recurrence by 42% and 40%, respectively [18]. 
Trastuzumab also provides significant benefit for patients with 
metastatic breast cancer. Compared with chemotherapy alone, 
the combination of trastuzumab and chemotherapy 
substantially increases the time to progression by 49% and the 
time to treatment failure by 42% and improves OS by 20% 
[19]. Interestingly, several studies have reported an increased 
risk of CNS metastases in patients treated with trastuzumab 
[11, 18, 20, 21]. However, it is unlikely that trastuzumab 
treatment per se increases the risk of cerebral metastases. 
Instead, it is likely a multifactorial effect of HER2 
overexpression increasing the risk of CNS metastases [9-11], 
the prolonged survival of trastuzumab-treated patients allowing 
CNS metastases to become symptomatic [17-19], and the 
inability of trastuzumab to effectively cross the blood-brain 
barrier [22]. 



current strategies for overcoming 
resistance: maintaining HER2-targeted 
therapy 

switching chemotherapeutic agent 

In the clinical setting, various treatment strategies are used in 
attempts to overcome trastuzumab resistance [6]. One strategy 
is to continue trastuzumab therapy but combine it with an 
alternative chemotherapy regimen [25-29]. Although the 
optimal duration of trastuzumab therapy remains controversial, 
data from preclinical studies indicating additive or synergistic 
effects of trastuzumab with several cytotoxic agents has led 
many clinicians to continue to administer trastuzumab beyond 
progression, in combination with second- or third-line 
chemotherapeutic agents [25, 27]. In one small, retrospective 
study, some patients experienced benefit with as many as four 
consecutive trastuzumab -containing regimens [26]. Also, a 
randomized clinical trial of women with HER2 -positive breast 
cancer that progressed after previous trastuzumab therapy 
indicated that combination therapy with trastuzumab plus 
capecitabine provided significant benefit compared with 
capecitabine alone [28]. Although this phenomenon may be 
explained by an additive action of trastuzumab and 
chemotherapy, further prospective randomized studies are 
needed to evaluate the clinical benefits of continuing 
trastuzumab beyond progression versus switching to a non- 
trastuzumab-containing regimen. 



resistance to HER2-targeted therapy 

Although trastuzumab substantially improves outcomes in 
both early-stage and metastatic breast cancer, not all patients 
respond to trastuzumab (de novo HER2 resistance), and many 
progress after realizing an initial response (acquired HER2 
resistance) [12]. In early-stage breast cancer, the addition of 
trastuzumab to neoadjuvant chemotherapy is associated with a 
complete response (CR) of the breast and lymph nodes in 
38%-55% of patients, suggesting a de novo resistance rate of 
45%-62% [17]. In patients with metastatic breast cancer 
treated with trastuzumab and chemotherapy, the median 
duration of partial or CR is 9.1 months, suggesting that within 
1-year patients acquire resistance [19]. 

Several mechanisms of resistance to HER2-targeted therapy 
have been proposed. These include impediments to HER2- 
trastuzumab binding, signaling through alternative pathways, 
upregulation of signaling pathways downstream of HER2, and 
failure to elicit an appropriate immune response (Figure 1) [6, 
23]. Specific factors implicated in resistance include the HER2 
copy number; HER2 dimerization status; presence of truncated 
HER2 (p95HER2); Fc receptor status; loss of phosphatase and 
tensin homolog (PTEN) and p27Kipl expression; activation of 
mutations of PI3KCA; amplification of the epidermal growth 
factor receptor (EGFR) gene or overexpression of the EGFR 
protein; overexpression of insulin-like growth factor receptor 1 
(IGF1R), vascular endothelial growth factor receptor, and heat 
shock protein 90 (HSP90); activation of the cytoplasmic 
tyrosine kinase SRC; and mucin 4 glycopeptide expression 
[6, 12, 23, 24]. 



switching HER2-targeted therapy 

Another strategy for patients with trastuzumab-refractory 
disease is to switch to a different HER2-targeted therapy. In a 
phase III study of women with HER2-positive metastatic breast 
cancer that progressed on trastuzumab, combination therapy 
with capecitabine and the multityrosine kinase inhibitor 
lapatinib, which inhibits HER2 and EGFR, substantially 
extended the time to progression by 4 months over 
capecitabine alone (8.4 months versus 4.4 months; P< 0.001) 
[30]. Early clinical data for use of the multityrosine kinase 
inhibitor neratinib in trastuzumab-refractory disease are also 
promising [31]. Of note, multityrosine kinase inhibitors may 
be effective for women who overexpress p95HER2. Expression 
of p95HER2 leads to de novo trastuzumab resistance [32, 33] 
and, thus, poorer clinical outcomes [34], because the truncated 
protein lacks the extracellular domain required for trastuzumab 
binding. The binding of lapatinib to the intracellular domain of 
HER2 [35] allows it to inhibit both full-length HER2 and 
truncated p95HER2 [33]. Indeed, in a pooled analysis, 
lapatinib as monotherapy or in combination with capecitabine 
provided the same clinical benefit in patients who did and did 
not express p95HER2 [36]. An ongoing phase II study is 
comparing the efficacy of lapatinib plus chemotherapy with 
that of trastuzumab plus chemotherapy as first-line treatment 
for women with HER2- and p95HER2-positive metastatic 
breast cancer (NCT01137994). 

The novel antibody-drug conjugate T-DM1, composed of 
trastuzumab linked to DM1 (a highly potent microtubule 
inhibitor) may also provide some promise in patients who have 
developed resistance to trastuzumab alone. In addition to 
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Figure 1 Proposed mechanisms of HER2 resistance. Akt, protein kinase B; HER, human epidermal growth factor receptor; HSP90, heat shock protein 90; 
IGF1R, insulin-like growth factor receptor 1; MAPK, mitogen-activated protein kinase; MET, mesenchymal epithelial transition factor; mTOR, mammalian 
target of rapamycin; PI3K, phosphatidylinositol 3-kinase; PTEN, phosphatase and tensin homolog; VEGFR, vascular endothelial growth factor receptor. 



potently inhibiting microtubule assembly, T-DM1 also appears 
to flag HER2-positive cells for cytotoxic destruction by 
antibodies [37]. In a phase II study, intravenous T-DM1 
showed robust activity in 112 patients with heavily pretreated, 
trastuzumab resistant HER2-positive breast cancer, recording 
an objective response rate of 25.9%, and median progression- 
free survival (PFS) time of 4.6 months [37]. In a second phase 
II study of 110 extensively pretreated patients, T-DM1 
treatment provided an overall response rate of 33%, and a 
clinical benefit rate of 48% [38]. The median PFS time was 6.9 
months [38]. These data suggest that an anti-HER2 antibody 
may retain the capacity to interact with HER2 in a clinically 
meaningful way, even after the development of resistance, and 
indicate that conjugated agents such as T-DM1 may provide a 
new treatment alternative for those who have previously 
progressed on native trastuzumab. 



combining HER2 inhibitors 

Recent data suggest that dual HER2 inhibition provides the 
clinical benefit in trastuzumab-resistant disease. In a phase III 
study of patients with metastatic breast cancer exposed to a 
median of three previous trastuzumab-containing regimens, 
treatment with trastuzumab plus lapatinib significantly 
improved median PFS compared with lapatinib alone (12.0 
weeks versus 8.1 weeks; P = 0.008) without compromising 
safety [39]. Preliminary results of the phase III NeoAdjuvant 
Lapatinib and/or Trastuzumab Treatment Optimization study 
suggest that neoadjuvant therapy including both trastuzumab 
and lapatinib provides a significantly greater pathologic CR 



rate than therapy including either agent alone 
(P< 0.0001) [40]. 

In phase II and III studies, the developmental humanized 
monoclonal antibody pertuzumab, which targets a different 
HER2 extracellular domain than trastuzumab and inhibits 
HER2 dimerization, shows promising efficacy when added to 
trastuzumab in several different settings [41-44]. As shown in 
cohort 3 of the BO 17929 study, combination therapy with 
trastuzumab and pertuzumab provided the clinical benefit to 
patients who progressed after sequential trastuzumab and 
pertuzumab monotherapy [44] . In the phase III Clinical 
Evaluation of Pertuzumab and Trastuzumab study of patients 
with HER2-positive metastatic breast cancer, first-line 
combination therapy with trastuzumab plus pertuzumab and 
docetaxel prolonged median PFS by 6. 1 months compared 
with trastuzumab and docetaxel alone (18.5 months versus 
12.4 months; P < 0.001) [41]. In addition, results of the phase 
II Trastuzumab plus Pertuzumab in Neoadjuvant HER2- 
Positive Breast Cancer [42] and phase II Neoadjuvant Study of 
Pertuzumab and Herceptin in an Early Regimen Evaluation 
[43] demonstrated the potential benefit of adding pertuzumab 
to trastuzumab and chemotherapy in the neoadjuvant setting. 

future strategies for overcoming 
HER2 resistance: inhibitors of the 
PI3K/Akt/mTOR pathway 

Despite evidence suggesting that continued HER2 inhibition 
after progression on trastuzumab can provide additional 
clinical benefit, the availability of novel therapies that target a 
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different mechanism of action could improve outcomes in 
patients with trastuzumab-resistant disease. Based on various 
lines of preclinical data, current targets under assessment in 
clinical trials of HER2-positive, treatment-refractory breast 
cancer include signal transduction molecules implicated in 
HER2 resistance (e.g. PI3K, Akt, mTOR, and IGF1R), HSP90, 
and telomerase (Table 1). The degree of supporting preclinical 
and clinical evidence for these targets varies. 



The strategy with the most available preclinical and clinical 
data is restoration of trastuzumab/HER2 sensitivity by 
targeting the PI3K/Akt/mTOR pathway. The PI3K/Akt/mTOR 
signal transduction pathway is critical to cell growth, 
proliferation, metabolism, survival, and angiogenesis and has 
been implicated in several types of cancers [45, 46]. Among 
patients with HER2-positive breast cancer, those who have 
high levels of phosphorylated Akt, activating mutations of 



Table 1 . Ongoing clinical trials of non-HER2-targeted agents in development for the treatment of HER2-resistant advanced breast cancer 



Developmental agent 


Design and study treatment 


ClinicalTrials.gov identifier 


IGF1R inhibitors 






BMS-754807 


Open-label, phase I/II 


NCT00788333 




Trastuzumab + BMS-754807 




Cixutumumab 


Randomized, placebo-controlled, phase II 


NCT00684983 




Lapatinib + capecitabine ± cixutumumab 




OSI-906 


Open-label, phase II 


NCT01205685 




Erlotinib + letrozole + OSI-906 




HSP90 inhibitor 






AUY922 


Open-label, phase Ib/II 


NCT01271920 




Trastuzumab + AUY922 






Open-label, phase I/II 


NCT01361945 




Lapatinib + letrozole + AUY922 




Ganetespib 


Open-label, phase I 


NCT01273896 




Ganetespib monotherapy 




Telomerase inhibitor 






GRN163L 


Open-label, phase I 


NCT01265927 




Trastuzumab + GRN163L 




PI3K inhibitors 






BKM120 


Open-label, phase I/II 


NCT01 132664 




Trastuzumab + BKM120 




GDC-0941 


Open-label, phase I 


NCT00928330 




Trastuzumab or T-DM1 + GDC-0941 




XL147 


Trastuzumab + XL147 ± paclitaxel 


NCT01042925 




Open-label, phase I/II 




Akt inhibitor 






MK2206 


Open-label, phase I 


NCT01245205 




Lapatinib + MK2206 






Open-label, phase II 


NCT01277757 




MK2206 monotherapy 




mTOR inhibitors 






Temsirolimus 


Open-label, phase I-II 


NCT01111825 




Neratinib + temsirolimus 




Everolimus 


Open-label, phase II 


NCT01305941 




Vinorelbine + trastuzumab + everolimus 






Open-label, phase II 


NCT01283789 




Lapatinib + everolimus 






Randomized, placebo-controlled, phase III 


NCT01007942 




Vinorelbine + trastuzumab ± everolimus 




INK128 


Open-label, phase I 


NCT01351350 




Paclitaxel + trastuzumab + INK128 




Dual PI3K/mTOR inhibitor 






BEZ235 


Open-label, phase I/Ib 


NCT00620594 




Trastuzumab + BEZ235 






Open-label, phase lb, randomized phase II 


NCT01471847 




Trastuzumab + BEZ235 (versus lapatinib + capecitabine in phase II) 





NB: Not all trials are limited to patients with HER2-positive breast cancer that progressed after HER2 -targeted therapy. 

HSP90, heat shock protein 90; IGF1R, insulin-like growth factor receptor 1; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3-kinase. 
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PI3CKA, and loss of PTEN— a negative regulator of the PI3K/ 
AKT/mTOR pathway — have worse outcomes after 
trastuzumab-based therapy than patients who do not [47-55]. 
Importantly, activated PI3K/Akt/mTOR signaling appears to 
play a role in both acquired and de novo HER2 resistance. Both 
preclinical and clinical data implicate PTEN loss and PI3CKA 
mutation in constitutive PI3K/Akt/mTOR signaling and 
de novo resistance to HER2-targeted therapy [54-59]. For 
example, in one study of women with HER2-positive breast 
cancer treated with trastuzumab, patients who showed the loss 
of PTEN expression or PI3CKA mutation had a significantly 
shorter PFS than patients who did not (P = 0.007) [54]. In 
another study, the loss of PTEN was associated with a 
significantly lower overall response rate (P = 0.028) [55]. 
In vitro models of HER2-positive breast cancer have shown 
that the loss of PTEN expression and PI3CKA mutations are 
also markers of lapatinib resistance [56, 58]. However, another 
in vitro model showed that resistance to trastuzumab, but not 
lapatinib, was associated with PTEN loss and PI3CKA 
mutation [57]. Further, in a series of patients with HER2- 
positive metastatic breast cancer, PI3CKA mutation and low 
PTEN expression were associated with trastuzumab resistance, 
whereas low PTEN expression predicted lapatinib response 
[59]. 

Activation of the PI3K/Akt/mTOR pathway is also 
implicated in acquired resistance to HER2-targeted therapy 
[57, 60-64]. In vitro experiments showed that the levels of 
phosphorylated p70S6Kl, a downstream effector of the PI3K/ 
Akt/mTOR pathway, were substantially greater in cells with 
acquired lapatinib resistance than in lapatinib- sensitive cells 
[60]. In another in vitro model, trastuzumab treatment resulted 
in an Akt-negative feedback loop that perpetuated HER2 
phosphorylation, leading to a decreased response to 
trastuzumab [61]. Other studies confirm that perturbation of 
the PI3K7 Akt/mTOR pathway and the balance between 
phosphorylated and nonphosphorylated PTEN after exposure 
to HER2-targeted therapy leads to acquired resistance [57, 64]. 

supporting preclinical data 

Preclinical evidence supports the potential clinical utility of 
inhibitors of the PI3K/ Akt/mTOR pathway in the setting of 
resistance to HER2-targeted therapy [56, 60, 63, 65-70]. For 
example, in an in vitro model of trastuzumab resistance caused 
by the loss of PTEN, trastuzumab sensitivity was restored by 
treatment with the mTOR inhibitor everolimus and the Akt 
inhibitor triciribine [65]. In this same model, everolimus and 
triciribine also inhibited the growth of trastuzumab- resistant 
cells. In a mouse xenograft model of HER2 resistance caused 
by PTEN loss, combination therapy with everolimus and 
trastuzumab slowed tumor growth more than either agent 
alone [65]. In another series of in vitro and in vivo experiments 
carried out in trastuzumab resistance models, combination 
therapy with an mTOR inhibitor (either rapamycin or 
everolimus) and trastuzumab was much more effective at 
inhibiting cell growth than either agent alone [66]. Further, the 
novel mTOR inhibitor INK128, the PI3K inhibitor GDC-0941, 
and the dual PI3K/mTOR inhibitor BEZ235 have all been 
shown to restore sensitivity to HER2-targeted therapy in 



HER2-resistant cell lines and reduce tumor growth [56, 63, 
67-70]. These agents have also been shown to reduce tumor 
growth in various tumor xenograft models of HER2 resistance 
[67, 68, 70]. 

supporting clinical data 

All currently available data supporting the clinical efficacy and 
safety of PI3K/ Akt/mTOR inhibition in patients with 
trastuzumab-refractory advanced or metastatic breast cancer 
come from phase I and II clinical trials of the oral mTOR 
inhibitor everolimus (Table 2) [71-76]. In a phase lb dose- 
finding study, the maximum tolerated dose of everolimus in 
combination with trastuzumab and paclitaxel in patients with 
trastuzumab-refractory, HER2-positive breast cancer was 10 
mg/day [71]. Although not powered for efficacy, everolimus 
treatment showed promising efficacy; of the 27 assessable 
patients, the overall response rate was 44% and the median PFS 
was 34 weeks. The therapeutic regimen was relatively well 
tolerated, with the most common adverse events being 
stomatitis (82%) and neutropenia (64%) [71]. Based on these 
results, the phase II portion of the study was initiated (Table 2) 
[73]. Preliminary results of this study demonstrated an overall 
response rate of 19%, a median PFS of 26 weeks, and a 
tolerable safety profile, thus confirming the efficacy and safety 
of everolimus 10 mg/day in combination with paclitaxel and 
trastuzumab for patients with trastuzumab-resistant, HER2- 
positive, metastatic breast cancer [73]. 

In another phase I study, the combination of everolimus 
with trastuzumab and vinorelbine was assessed (Table 2) [75]. 
This study determined that everolimus 5 mg/day versus 20 mg/ 
week was the optimal dosing regimen for future studies of this 
combination. The choice of everolimus 5 mg/day was based on 
the safety and efficacy results observed in this study [75] and 
previous studies suggesting that everolimus provides better 
outcomes with daily versus weekly dosing [77-79]. Preliminary 
results of a pooled analysis of two phase I studies and one 
phase II study showed that everolimus treatment provides 
efficacy in patients who have and have not been exposed to 
trastuzumab and lapatinib (overall response rate of 21% and 
29%, respectively; median PFS of 29 and 36.1 weeks, 
respectively) [74]. Furthermore, the toxicity profile of patients 
with previous lapatinib treatment was similar to those without 
previous exposure. These results suggest that patients exposed 
to lapatinib in addition to trastuzumab can experience benefit 
with everolimus- and trastuzumab-based therapies. A pooled 
analysis of two additional phase I/II studies of everolimus plus 
trastuzumab in patients with HER2-positive, trastuzumab- 
refractory, metastatic breast cancer supports the efficacy and 
safety of everolimus in this patient population (Table 2) [76]. 

In three of these studies, patients who did not experience 
disease progression or unacceptable toxicity after six treatment 
cycles had the option to continue treatment with everolimus 
and trastuzumab [71, 73, 75]. Of the 135 patients enrolled in 
these three studies, 3 1 entered the maintenance phase: 20 who 
were initially treated with paclitaxel and 1 1 who were initially 
treated with vinorelbine [72]. During the maintenance phase 
(median duration, 15 weeks), two additional complete 
responses and one additional partial response were achieved, 
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Table 2. Clinical data of everolimus in patients with trastuzumab-refractory, HER2 -positive breast cancer 



Author/phase 


Population (N) 


Treatment 




Most common toxic effects 


Andre/phase lb 


TRAS-refractory, 


EVE + PAC + TRAS 


ORR: 44%; CBR: 74%; mPFS: 34 weeks 


Any grade: neutropenia (64%) and 


[71] 


mBC (33) 






stomatitis (82%); grade 3/4: 
neutropenia (52%) 


Dalenc/phase II 


TRAS- and taxane- 


EVE + PAC + TRAS 


ORR: 19%; CBR: 40%; mPFS: 26 weeks 


Grade 3/4: neutropenia (27%) 


[73] 


refractory mBC (55) 








Jerusalem/phase I 


TRAS-refractory mBC 


EVE + VIN + TRAS 


ORR: 19%; CBR: 54%; mPFS: 30.7 


Any grade: neutropenia (92%) and 


[75] 


(50) 




weeks 


stomatitis (70%); grade 3/4: 
neutropenia (86%) 


Campone/phase I 


TRAS-refractory mBC 


EVE + TRAS + 


ORR, LAP-exposed: 21%; ORR, LAP- 


Grade 3/4: similar in LAP-exposed and 


and II pooled 


with (57) or without 


PAC: n = 84; 


nonexposed: 29%; mPFS, LAP- 


nonexposed patients 


analysis [74] 


(77) previous LAP 


EVE + TRAS + 


exposed: 29 weeks; mPFS, LAP- 






exposure 


VIN: n = 50 


nonexposed: 36.1 weeks 




Jerusalem/phase 


TRAS -refractory 


PVF 4- TR A *s 


ORR* 1 PRR- ^AWrx- mPF's- 41 wppkc 
URR. ij/o, /o, Jiirro. weeKS 


Grade 3/4: neutropenia, leukopenia, and 


lb and II 


mBC (31) 






lymphopenia (n = 2 for each) and 


extension [72] 








stomatitis (n = 1) 


Morrow/phase I 


TRAS-refractory 


EVE + TRAS 


ORR: 15%; CBR: 34%; mPFS: 4.1 


Grade >2: mucositis (34%), fatigue 


and II pooled 


mBC (47) 




months 


(32%), and lymphopenia (26%); grade 


analysis [76] 








3/4: lymphopenia (13%) and 
hyperglycemia (11%) 



AE, adverse event; CBR, clinical benefit rate (CR + PR + SD); CR, complete response; EVE, everolimus; LAP, lapatinib; mBC, metastatic breast cancer; mPFS, 
median progression-free survival; ORR, overall response rate (CR + PR); PAC, paclitaxel; PR, partial response; SD, stable disease; TRAS, trastuzumab; VIN, 
vinorelbine. 



and three patients achieved an unconfirmed 100% decrease in 
the sum of the target lesions. Overall, between the 
chemotherapy and maintenance phases, the median PFS was 
41 weeks. In addition, long-term treatment was well tolerated 
with no additional safety issues arising [72]. 

ongoing clinical trials 

There are several ongoing studies of PI3K/Akt/mTOR 
inhibitors in patients with HER2-positive, trastuzumab- 
refractory, metastatic breast cancer (Table 1). Of these studies, 
the international, randomized, placebo-controlled, phase III 
Breast Cancer Trial of Oral Eve^Olimus 3 (BOLERO-3), 
which is analyzing everolimus in combination with vinorelbine 
and trastuzumab, is the largest (ClinicalTrials.gov identifier 
NCT01007942). BOLERO-3 is expected to enroll 572 women 
aged >18 years with HER2-positive, trastuzumab-resistant, 
measurable breast cancer that has recurred locally or 
metastasized. 

Although the BOLERO-3 protocol initially excluded patients 
with CNS metastases, it was amended in January 2011 to 
permit the enrollment of patients with previously treated CNS 
metastases, as long as the last treatment for those metastases 
was received >8 weeks before randomization. The rationale for 
including patients with CNS metastases in BOLERO-3 
included the fact that 25%-36% of patients with HER2-positive 
metastatic breast cancer treated with trastuzumab developed 
brain metastases [21, 80], as well as the lack of systemic 
therapies approved specifically for the treatment of breast 
cancer-related brain metastases. Further, the ability of 
everolimus to reduce the volume of subependymal giant-cell 



astrocytomas and seizure frequency in patients with tuberous 
sclerosis complex [81] suggests that everolimus may have an 
impact on brain metastases. The similar response rates 
reported in studies of vinorelbine plus trastuzumab that did 
and did not allow the inclusion of patients with asymptomatic 
brain metastases (44%-68% and 51%-78%, respectively) 
suggests that vinorelbine plus trastuzumab is an acceptable 
combination for patients with stable CNS metastases [82-88]. 
To further characterize the efficacy of adding everolimus to 
trastuzumab and vinorelbine in patients with HER2 -positive 
breast cancer that metastasized to the CNS, an open-label, 
phase II study is planned (ClinicalTrials.gov identifier 
NCT01305941). 

In an open-label, phase II study, the efficacy and safety of 
everolimus in combination with lapatinib in patients with 
HER2-positive, metastatic breast cancer that progressed during 
previous HER2-targeted therapy is also being evaluated 
(ClinicalTrials.gov identifier NCT01283789). In addition to the 
studies of everolimus being conducted in the treatment- 
refractory setting in HER2-positive patients, the placebo- 
controlled, phase III BOLERO- 1 study (also known as TRIO 
019) is evaluating everolimus in combination with trastuzumab 
and paclitaxel as first-line therapy in patients with HER2- 
positive, locally advanced or metastatic breast cancer 
(ClinicalTrials.gov identifier NCT00876395). 

Other PI3K/Akt/mTOR inhibitors with active clinical 
development programs in HER2-resistant breast cancer include 
the PI3K inhibitor GDC-0941, the mTOR inhibitor INK128, 
and the dual PI3K/mTOR inhibitor BEZ235 (Table 1). The 
safety and efficacy of GDC-0941 in combination with 
trastuzumab or trastuzumab-DMl is being assessed. In an 
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open-label, dose-escalation, parallel-group, phase I study in 
patients with HER2-positive, metastatic breast cancer that 
progressed on previous trastuzumab-based therapy 
(ClinicalTrials.gov identifier NCT00928330). The safety and 
efficacy of INK128 in combination with paclitaxel is being 
assessed as part of an open-label, dose-escalation, phase I study 
of INK128 plus paclitaxel in advanced or metastatic solid 
tumors that progressed after standard therapy (ClinicalTrials. 
gov identifier NCT01351350); this trial includes an expanded 
cohort of patients with advanced or metastatic breast cancer 
that progressed after HER2-targeted therapy and will receive 
trastuzumab in addition to INK128 and paclitaxel. The safety 
and efficacy of BEZ235 in patients with HER2-resistant breast 
cancer is being assessed in two ongoing trials. A phase I/Ib 
trial of patients with advanced solid tumors (ClinicalTrials.gov 
identifier NCT00620594) will include a HER2-positive 
metastatic breast cancer patient population who failed 
trastuzumab treatment and have PIK3CA and/or PTEN 
alterations. A second phase I study of patients with HER2+ 
advanced or metastatic breast cancer that failed previous 
trastuzumab (ClinicalTrials.gov identifier NCT01471847) will 
evaluate the safety and efficacy of BEZ235 plus trastuzumab. In 
a planned randomized, open-label, phase II portion of this 
study, the combination of BEZ235 plus trastuzumab will be 
compared with lapatinib plus capecitabine in the same patient 
population. 

future strategies for overcoming HER2 
resistance: other novel agents 

As previously mentioned, there are several agents targeted 
against other pathways and molecules implicated in HER2 
resistance (Figure 1) that are in various stages of clinical 
development. Aside from PI3K/Akt/mTOR inhibitors, other 
agents currently being investigated in clinical trials of HER2- 
resistant breast cancer include inhibitors of IGFR1, HSP90, and 
telomerase. 

The rationale for assessing IGF1R inhibition in HER2- 
resistant breast cancer is the hypothesis that cross-talk between 
IGF1R and HER2 may occur in breast cancer cells, leading to 
receptor heterodimerization, which may, in turn, allow cells to 
escape trastuzumab cytotoxicity [89]. In preclinical studies, 
overexpression of IGF1R led to trastuzumab resistance [90], 
and the addition of an IGF1R inhibitor to trastuzumab resulted 
in greater cell death than treatment with trastuzumab alone 
[89]. Currently, there are no clinical data on the efficacy and 
safety of IGF1R inhibition in HER2-resistant breast cancer. 
There are, however, ongoing trials of the IGF1R inhibitors 
BMS-754807, cixutumumab, and OSI-906 (Table 1). 

HSP90 acts as a chaperone protein, promoting folding and 
stabilization of other proteins, and preventing their rapid 
degradation [91]. Preclinical data have shown that HER2 is 
chaperoned by HSP90, suggesting that inhibition of HSP90 
should be evaluated in HER2-positive breast cancer patients. 
Indeed, in a phase II study of 31 patients with trastuzumab- 
refractory, HER2-positive breast cancer, combination therapy 
with the HSP90 inhibitor tanespimycin and trastuzumab 
provided a clinical benefit rate of 59% and a median PFS and 
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OS of 6 and 17 months, respectively [91]. Although clinical 
development of tanespimycin is no longer being pursued, 
clinical trials of second-generation HSP90 inhibitors in women 
with HER2-positive breast cancer who progressed on 
trastuzumab are ongoing (Table 1). 

Telomerase expression is essential for cellular proliferation, 
and telomerase overexpression has been linked to 
tumorigenesis [92]. Inhibition of telomerase ultimately results 
in apoptosis or cell senescence, making it a potential target for 
anticancer therapy. In a trastuzumab-resistant cell line, the 
telomerase inhibitor GRN163L was able to restore trastuzumab 
sensitivity [92], suggesting that telomerase inhibition may be a 
possible strategy for overcoming HER2 resistance in breast 
cancer. Although no clinical data currently exist, a trial of 
GRN163L in women with trastuzumab-resistant breast cancer 
is ongoing (Table 1). 

conclusion 

The availability of HER2-targeted therapies has substantially 
improved outcomes for the 15%-23% of patients with breast 
cancer that overexpresses HER2. However, HER2 resistance, 
both de novo and acquired, is a real phenomenon that 
necessitates the development of novel treatment strategies. A 
large body of preclinical evidence suggests that targeting the 
PI3K/Akt/mTOR signal transduction pathway can restore 
sensitivity to trastuzumab. The mTOR inhibitor everolimus, 
the most advanced of the PI3K/Akt/mTOR inhibitors in 
development, shows promising efficacy with an acceptable 
tolerability profile in combination with trastuzumab and 
paclitaxel or vinorelbine in HER2 -positive, trastuzumab- 
refractory, metastatic breast cancer. Much enthusiasm also 
surrounds newer PI3K and Akt inhibitors, which inhibit the 
pathway upstream of mTOR. Ongoing clinical trials, including 
the everolimus trial program, will provide additional 
information on the utility of adding PI3K/Akt/mTOR 
inhibitors to HER2-targeted therapy in patients with 
treatment-refractory, HER2 -positive breast cancer, including 
those with CNS metastases. 
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Background: The purpose of this study was to evaluate the use of taxane chemotherapy during pregnancy and 
compare maternal and neonatal outcomes with those in women who did not receive taxanes during pregnancy, and 
review current existing data. 

Study design: This is a retrospective cohort study in which women were identified from the Cancer and Pregnancy 
Registry at Robert Wood Johnson Medical Center. A retrospective chart analysis and an independent f-test were 
carried out comparing patient outcomes. A literature search in Ovid, Medline and PubMed was then carried out using 
the terms 'breast or ovarian cancer', 'pregnancy', 'paclitaxel', 'docetaxel', 'taxanes' and 'chemotherapy'. 
Results: Twelve of 1 29 women with breast cancer were exposed to taxanes during pregnancy. Three of nine women 
with ovarian cancer received taxane-based treatment during pregnancy. Birth weight, gestational age at delivery, rate of 
growth restriction, congenital anomalies and incidence of maternal and neonatal neutropenia were not statistically 
different between the two groups. 

Conclusions: Taxane-based chemotherapy does not appear to increase the risk of fetal or maternal complications 
when compared with conventional chemotherapy in the small cohort of women in our Registry. 
Key words: cancer, docetaxel, neonatal outcomes, paclitaxel, pregnancy, taxanes 
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